New chlordiazepoxide hydrochloride (Ch-Cl) ion-selective electrodes (conventional type) based on ion associates, chlordiazepoxidium-phosphomolybdate (I) and chlordiazepoxidium-phosphotungstate (II), were prepared. The electrodes exhibited mean slopes of calibration graphs of 59.4 mV and 60.8 mV per decade of (Ch-Cl) concentration at 25˚C for electrodes (I) and (II), respectively. Both electrodes could be used within the concentration range 3.16 × 10 -6 -1 × 10 -2 M (Ch-Cl) within the pH range 2.0 -4.5. The standard electrode potentials were determined at different temperatures and used to calculate the isothermal coefficients of the electrodes, which were 0.00139 and 0.00093 V ˚C -1 for electrodes (I) and (II), respectively. The electrodes showed a very good selectivity for Ch-Cl with respect to the number of inorganic cations, amino acids and sugars. The electrodes were applied to the potentiometric determination of the chlordiazepoxide ion and its pharmaceutical preparation under batch and flow injection conditions. Also, chlordiazepoxide was determined by conductimetric titrations. Graphite, copper and silver coated wires were prepared and characterized as sensors for the drug under investigation.
Introduction
The increasing demand for chemical surveilance in environmental protection, medicine and many industrial processes has created the need for sensors with features, such as high selectivity, sensitivity, reliability, sturdiness, automation feasibility and remote sensing ability. These demands can often be satisfied by ion-selective electrodes (ISEs), which are commonly applied owing to their simplicity, low cost and fast provision of analytical results. The remarkable progress in the analytical applications of ISEs can be attributed mainly to their widespread use as flow-through detectors in automatic analyzers and continuous monitoring systems. [1] [2] [3] [4] Chlordiazepoxide is a benzodiazepine with general properties similar to those of diazepam. It is used to the short-term treatment of anxiety disorders and isomnia. Chlordiazepoxide is also used to muscle spasms and alcohol withdrawal syndrome as well as for premedication. 5 Chlordiazepoxide has been determined by different techniques, including spectrophotometry, 6, 7 TLC, 8, 9 HPLC, [10] [11] [12] SFC, 13 LC 14 and voltammetry. 15 Although no potentiometric sensors have so far been available for the determination of chlordiazepoxide, but they have been checked as an interferent in the determination of Triameterene. 16 In the present work, plastic membrane electrodes, selective for chlordiazepoxide were constructed, and their performance characteristics were studied, and then used to determine the drug both in batch and with a flow-injection technique. This is considered to be a very efficient way for improving the performance characteristics of ISEs. The electrodes are based on the incorporation of chordiazepoxidium phosphomolybdate (Ch-PM) and chlordiazepoxidium phosphotungstate (Ch-PT) ion-associates in poly(vinyl chloride) (PVC) membranes plasticized with dibutylphthalate (DBP). The selectivity of the electrodes was also tested in batch and FIA procedures and compared with each other. Also, fine-graphite, copper and silver wires coated with a solution mixture of liquid ion-associates and poly(vinyl chloride) in THF were used as ion-selective electrodes for the chlordiazepoxidium cation.
Experimental

Reagents and materials
All chemicals used were of analytical grade. Double-distilled water was used throughout all experiments.
Pure-grade chlordiazepoxide and its pharmaceutical preparation (Librax tablets, 5 mg/tablet), were provided by Egyptian International Pharmaceutical Industries Company (Egypt), in cooperation with ICN, Puerto Rico. Phosphomolybdic acid (PMA) and phosphotungstic acid (PTA) were obtained from Fluka. The ion-associates, chlordiazepoxidium-phosphomolybdate (Ch-PM) (dark buff powder) and chlordiazepoxidiumphosphotungstate (Ch-PT) (greenish yellow powder), were prepared by mixing three volumes of a 0.01 M aqueous solution of (Ch-Cl) and one volume of each of phosphomolybdic acid or phosphotungstic acid. The obtained precipitates were filtered, washed thoroughly with double-distilled water and dried at room temperature.
The chemical composition of the precipitates, as identified by elemental analysis, was found to be 3:1 for both (Ch-PM) and (Ch-PT); the obtained results showed good agreement with the calculated values. The percent values were found: 22.3 (C), 1.7 (H) and 4.5 (N) for Ch-PM and 16.0 (C), 1.4 (H) and 3.6 (N) for Ch-PT, while the calculated values were: 22.0 (C), 1.6 (H) and 4.8 (N) for Ch-PM and 15.7 (C), 1.2 (H) and 3.4 (N) for Ch-PT, respectively.
Potentiometric studies and electrochemical system
Potentiometric measurements as well as the construction of an FIA system and the methods used for recording the peaks as a function of the potential were performed as in our previously studies. [17] [18] [19] The conductivities were measured with the aid of an Engineered Systems and Designs (ESD) conductometer Model 72 (Conductance/TDS) (USA), provided with a conductivity cell of 1.000 cell constant.
Electrodes construction
Several membrane compositions were investigated. Both electrodes, chordiazepoxidium-phosphomolybdate (Ch-PM) (I) and chlordiazepoxidium-phosphotungstate (Ch-PT) (II), were prepared by dissolving the required amounts of the ionassociates, DBP and PVC, in about 8 ml of an acetone-tetrahydrofuran (THF) (1:1) mixture. A graphite, copper, or silver wire (3 mm in diameter and 12 cm in length) was used, and constructed as previously described. 20 
General procedure for conductimetric measurements and the determination of the solubility product of ion-associates
Volumes containing 10 -100 mg Ch-Cl were titrated conductimetrically using 10 -2 M PMA or PTA following a previously described method. 21 The solubility (s) and the solubility product (Ksp) of the ion-precipitates were calculated using the following equations for both Ch-PM and Ch-PT:
where Ks is the specific conductivity of a saturated solution of the ion-associate, determined at 25˚C and corrected for the effect of the solvent. Saturated solutions were made by stirring a suspension of the solid precipitates in distilled water for 3 h at 25˚C.
Results and Discussion
Optimization of the ISE in batch conditions
Composition of the membrane. For both electrodes (I) and (II), several membrane compositions were investigated in which the content of the ion exchangers ranged from 5.0 to 15.0% of both Ch-PM and Ch-PT. For each composition the electrodes were repeatedly prepared four times. The preparation process was found to be highly reproducible, as revealed from the low calculated value of the standard deviation (RSD = 1.1 and 0.5) of the obtained slopes. The best performance was obtained by using a composition containing 10% Ch-PM or Ch-PT, 45.0% of each PVC and DPB, with resulting slopes of 59.4 and 60.8 mV/concentration decade after a minimum presoak of 1/2 h. The usable concentration range was 3.16 × 10 -6 -1 ×10 -2 M for both electrodes, and the response time was ≤10 s. The above optimum composition was used to prepare membrane electrodes for all further subsequent investigations. Effect of soaking. Calibration plots (pCh vs. E, mV) were obtained after continuously soaking the electrodes in 1 ×10 -3 M (Ch-Cl) for different intervals, namely 1, 3, 9 and 24 h as well as 3, 5, 7 and 8 days for electrode (I) and 1, 3, 9 and 24 h as well as 3, 5, 6, 8, 10, 12 and 13 days for electrode (II). For electrode (I), the slope was 59.4 -57.6 mV/decade of concentration, at 25˚C, and remained stable over the first 7 days. It then decreased sharply and reached 44.7 mV/decade of concentration after 7 days. The electrode responded correctly within the concentration range 1.77 × 10 -6 -1 × 10 -2 M and remained constant over 8 days. For electrode (II), the slope was 60.8 mV/decade of concentration at 25˚C, and it remained stable for 10 days, and then decreased, reaching 51.7 -46.0 mV/decade after 11 -13 days. The concentration range, 3.16 × 10 -6 -1 × 10 -2 M, for the response was not affected by soaking. On the other hand, an electrode that was kept dry in a closed vessel and stored in a refrigerator showed nearly a constant slope value and the same response properties extending to about 14 and 30 days for electrodes (I) and (II), respectively. Hence, it is recommended that unused electrodes be kept dry in a closed vessel in a refrigerator in order to extend their life spans substantially.
For coated-wire electrodes, it was found that the plastic coat layer must be reformed prior to every use; this is accomplished by immersing the bared terminal of the electrode in a solution mixture containing Ch-PM or Ch-PT ion-associates, PVC and DBP, for a few seconds and left it to dry in air. For Ch-PM coated wire electrodes, the calibration graph slopes for the fresh graphite, copper and silver were 64.8, 63.4 and 63.2 mV/decade, respectively. After daily use (single run) of the graphite, copper and silver electrodes for 13, 6 and 7 days, the slopes decreased to 42.0, 43.8 and 48.2 mV/decade, respectively. However, for Ch-PT coated wires, the calibration graph slopes were 62.3, 60.8 and 57.7 mV/decade for graphite, copper and silver coated wire electrodes, respectively, and after daily use (single run) of the graphite, copper and silver electrodes for 15, 14 and 7 days the slopes decreased to 47.5, 42.3 and 42.0 mV/decade, respectively.
The usable concentration range in most electrodes was 1.77 × 10 -5 -1 × 10 -2 M. Also, the electrodes did not need conditioning before each use. within the investigated temperature range of 25 -50˚C, the electrodes responded, in practice, to (Ch-Cl) with a nearly constant usable concentration range of 5. 
The isothermal coefficients of the electrodes were determined as the slope of the straight line obtained amounting to 0.00139 and 0.00093 V/˚C for Ch-PM and Ch-PT, respectively. This revealed a fairly good thermal stability of the electrodes within the investigated temperature range.
Optimization of FIA response. Flow-injection measurements were carried out in a two-line configuration. The sample was injected into a distilled water stream, which was then merged with another stream of distilled water. In both lines the same tubing size was used, offering the same flow rate. The connector of the two streams was connected to the detector by a 50 cm tube of 0.5 mm i.d. The dispersion coefficients were 1.44 and 1.42 for Ch-PM and Ch-PT respectively, i.e., limited dispersion coefficients that aid optimum sensitivity and fast response of the electrodes.
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Optimization of the operational conditions These include parameters, such as the flow-rate, sample volume and pH. Optimization of the flow rate and the sample volume. Samples of different volumes (5 -340 µl) were injected. In general, the higher is the sample volume, the higher is the peak heights and the residence time of the sample at the electrode surface, requiring a longer time to reach a steady state and greater consumption of the sample. 24 A sample loop of size 75 µl was used throughout this work, giving about 99% of the maximum peak height obtained by a 340 µl loop, but with a shorter time to reach the baseline and less consumption of the reagents.
The responses of the Ch-PM and Ch-PT electrodes were studied at different flow rates (4.15, 5.35, 7.50, 9.70, 12.50, 17.85, 23.25, 25.00, 27.00 and 30.00 ml min -1 ) with a constant injection volume. The residence time of the sample was inversely proportional to the flow rate 25 and the recovery time linearly with the residence time of the sample at the active membrane surface. It was found that, as the flow rate increased, the peaks became higher and narrower until a flow rate of 25.00 ml min -1 was reached, after which the peaks obtained at higher flow rates were nearly the same. A flow rate of 9.7 ml min -1 was adopted, providing about 99% of the maximum peak height obtained by higher flow rates, with a shorter time to reach the baseline and less consumption of the carrier. Optimization of pH. The effect of the pH of the test solution on the electrode potential was studied in batch and FIA measurements. In batch measurements, the variation in the potential with changes in the pH occurring upon the addition of small volumes of HCl and NaOH (0.1 -1.0 mol l -1 ) was observed. However, in FIA, a series of solutions of 10 -2 mol l -1 Ch-Cl solutions of different pH ranging from 1.5 to 9.0 were injected into the flow stream and the peak heights, representing the variation of the potential response with the pH, were measured. It is evident that (I) and (II) electrodes did not respond to pH changes in the 2.0 -4.5 range under both the batch and FIA conditions. At a pH of less than 2.0, the increase in the potential in case of electrode (I) may have been due to an additional potential arising from the interference of excessive hydronium ions present in the immediate vicinity of the membrane surface facing the bath solution. In the case of electrode (II), the drop in the potential may have been due to the penetration of the chloride ions into the membrane network at the interface between the test solution and the membrane. For both electrodes, the gradual decrease in the potential observed at a pH value of more than 4.5 may have been due to the deprotonation of Ch-Cl in the solution, which led to a consequent decrease in its concentration. To throw more light onto this point, the protonation constant of chlordiazepoxide was reported to be 4.9, 26 indicating that the decrease of the potential for pH values above the upper limit of the pH range is due to the formation of deprotonated species.
Electrode response in FIA
In potentiometric detection, the electrode potential depends on the activity of the main ion sensed. This is considered to be a principle advantage of this detection method; also, in flow measurements the dependence is semi-logarithmic over a wide analyte activity range according to the Nickolsky-Eisenman equation. However, the main unfavorable feature of this detection method is a slow response of the electrode potential to a concentration change. This is pronounced when low concentrations are measured, and depends on the state of the membrane surface at the interface with the measured solution. 27, 28 This slow response is a fairly good reason for the super-Nernstian sensitivities obtained in FIA measurements. An increase in the slope of the calibration plots in FIA was observed compared with batch measurements, where the potential is measured under conditions very close to the 1039 ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 equilibrium at the membrane-solution interface. 29 The slopes of the calibration graphs were 64.0 and 69.0 compared to the batch 59.4 and 60.8 mV per concentration decade for the Ch-PM and Ch-PT electrodes, respectively. The usable concentration ranges of the electrodes in FIA were 3.16 × 10 -5 -1 × 10 -2 and 5.62 × 10 -5 -1 × 10 -2 mol l -1 , respectively, which were nearly the same as in the batch mode.
Selectivity
It was shown earlier that for the solid state membrane electrodes the apparent selectivity coefficient measured under transient flow-injection conditions may differ significantly from that measured under batch conditions. [30] [31] [32] [33] This is interpreted by the difference in the time of the interaction of the interferents with the membrane surface. This difference increases with an increase in the interaction of the interferent with the membrane compared with the main sensed ion; also, the interference process is highly dependent on the rate of diffusion and the exchange reaction of the interfering ion. 34 Therefore, in FIA measurements, where the sample remains in contact with the electrode for a short period of time, the apparent selectivity should be different from that found under batch conditions. The influence of some inorganic cations and sugars on the chlordiazepoxidium electrodes was investigated. Under the FIA conditions, the values of the selectivity coefficients were calculated based on the potential values measured at the top of the peaks for the same concentrations of the drug and the interferent. However, under the batch conditions the separate solution method was applied and the same concentrations were used (10 -2 mol l -1 ) to ensure that there was no interference if lower concentrations than this are present.
The selectivity coefficients, K pot Ch,J z+, of the electrodes towards inorganic cations (NH4 + , Li + , Na + , Mg 2+ , Cu 2+ , Zn 2+ , Ni 2+ , Pb 2+ and Al 3+ ) were 1.2 × 10 -3 -5.4 × 10 -5 and 2.1 × 10 -3 -2.3 × 10 -5 under batch and FIA conditions, respectively, for both electrodes, which reflect very high selectivities of the investigated electrodes for the chlordiazepoxidium cation. The selectivity mechanism is mainly based on the sterospecificity and electrostatic environment, and is dependent on how much fitting is present between the locations of the lipophilicity sites in the two competing species on the bathing solution side and those present in the receptor of the ion-associates. 35 The inorganic cations do not interfere because of differences in the ionic size, the mobility and the permeability. Also, the smaller is the energy of hydration of the cation, the greater is the response of the membrane. The electrodes exhibit good tolerance towards amino acids and sugars, where it was found that the Ch-PM electrode could be safely used without interferences in the presence of glucose, fructose, maltose, lactose, ascorbic acid, vitamin B1, leucine, alanine and glycine up to 320, 220, 160, 130, 231, 184, 168, 371 and 560 folds of the investigated drug and 400, 280, 200, 160, 272, 167, 208, 311 and 470 folds in the case of the Ch-PT electrode. Regarding the selectivity coefficients obtained for the investigated electrodes under both batch and FIA conditions, it is clear that in most cases, the electrode was selective in both the FIA and batch procedures.
Conductometric determination of the solubility product of Ch-PM and Ch-PT ion-associates
The solubility products of the precipitated ion associates were determined as previously described 36 and were found to be 5.47 × 10 -18 and 1.79 × 10 -16 for Ch-PM and Ch-PT, respectively. These values indicate that the solubility of the ion-associates is very low (2.12 × 10 -5 and 5.07 × 10 -5 mol/l). Consequently, the equilibrium constants of the reactions, 3Ch-Cl + H3PM = Ch3-PM + 3HCl, 3Ch-Cl + H3PT = Ch3-PT + 3HCl, are 1.8 × 10 17 and 5.6 × 10 15 , respectively, which reflects that the reaction is more than 99.9% complete. In the above equilibria, the solubility of the undissociated ion-associates in water (i.e. the intrinsic solubility) were omitted, because they only have a negligible contribution to the total solubility.
Analytical applications
Chlordiazepoxide is determined potentiometrically using the wire electrodes by the standard additions methods. 37 Small portions of standard 0.01 M Ch-Cl were added to 50 ml of water containing 10 -100 mg of a pure compound or their equivalent from a pharmaceutical preparation. Any change in millivolt readings was recorded after each addition, and used to calculate the concentration of the Ch-Cl sample solution. For sampling of tablets (Librax, 5 mg per tablet), 50 tablets were ground together, and appropriate weights were dissolved in an equivalent volume of 0.01 M HCl and diluted to 50 ml with bidistilled water.
In a batch technique using a conventional electrode, the mean recoveries of the amounts taken (10 -100 mg) ranged from 96.0 -99.1% with RSD = 0. Table 2 ). The results of the determination of chlordiazepoxide in its pure state, or a pharmaceutical preparation by the conductimetric method given in Table 1 showed a good recovery, ranging 98.8 -101.8% with RSD = 0.15 -1.1% and 99.2 -100.2% with RSD = 0.55 -1.4% for Ch-PM and Ch-PT, respectively. Under FIA conditions, a series of solutions of different concentrations were prepared from tablets, and the peak heights were measured at a selected flow rate (9.7 ml min -1 ). The results were then compared with those obtained from injecting a standard solution of the same concentration prepared from pure chlordiazepoxide. The mean recoveries ranged from 97.4 -100.5% with RSD of 0.03 -0.57% for Ch-PM and 97.0 -100.3% with RSD = 0.25 -1.05% for Ch-PT. These methods were compared with each other by applying F-and t-tests 38 and with the official method (potentiometric titration). 39 The obtained values were fairly lower than the theoretical tabulated values at the 95% confidence limit for four degrees of freedom, i.e. the present methods are of comparable precision to each other, and there is no significant difference between the mean values obtained by the three methods.
Conclusion
The application of the proposed methods to the determination of chlordiazepoxide in its pure solutions and in pharmaceutical preparations is characterized by a high degree of precision and accuracy when compared with the official method (potentiometric titration). Comparing the results obtained from a potentiometric determination of the drug under batch (using the standard-additions method) and FIA conditions and those obtained from conductimetric titrations with the results obtained from the official method, it is clear that the FIA method is recommended, since potentiometric and conductimetric titrations are time needed (20 min in each run); in addition, the application of the electrodes in FIA method shortened the time needed for determining the drug in its pure state or in its pharmaceutical preparations. 
